Objective: To evaluate the antiviral activity, safety, pharmacokinetics, and pharmacokinetics/pharmacodynamics of dolutegravir (DTG), a next-generation HIV integrase inhibitor (INI), as short-term monotherapy.
Results: Thirty-five patients (n ¼ 9 for DTG 2 and 10 mg, n ¼ 10 for DTG 50 mg, and n ¼ 7 for placebo) were enrolled. Baseline characteristics were similar across dose groups. Significant reductions in plasma HIV-1 RNA from baseline to day 11 were observed for all DTG dose groups compared with placebo (P < 0.001), with a mean decrease of 1.51-2.46 log 10 copies/ml. In addition, a well characterized dose-response relationship was observed for viral load decrease. Most patients (seven of 10, 70%) receiving DTG 50 mg achieved plasma HIV-1 RNA less than 50 copies/ml. The pharmacokinetic variability was low (coefficient of variation, range 25-50%). Plasma HIV-1 RNA reduction was best predicted by C t using an E max model. The most common adverse events were diarrhea, fatigue, and headache; the majority of adverse events were mild or moderate in severity.
Conclusion: Dolutegravir demonstrated potent antiviral activity, good short-term tolerability, low pharmacokinetic variability, and a predictable pharmacokinetics/ pharmacodynamics relationship, which support once-daily dosing without a pharmacokinetic booster in integrase-naive patients in future studies.
Introduction
With the application of highly active antiretroviral therapy (ART) using antiretrovirals with improved potency, tolerability, and resistance profiles, people with HIV are living longer and receiving longer-term care [1, 2] . However, there is still a need for additional treatment options that enhance adherence and have better tolerability, higher barriers to resistance, distinct resistance profiles, and fewer drug-drug interactions. These principles have been guiding the development of new agents that are not only focused on traditional targets but also on novel therapeutic targets. The newest class of drugs in HIV treatment is the integrase inhibitor (INI) class.
At the time of this study, the only INI approved by Food and Drug Administration, raltegravir, had been shown to effectively reduce viral load when given twice daily in combination therapy in both ART-naive and ARTexperienced patients with HIV-1 [3, 4] . Treatmentemergent resistance, however, has emerged in patients who fail first-generation, INI-containing regimens [5] . Additionally, cross-resistance exists between first-generation INIs; patients experiencing virologic failure with elvitegravir-resistant virus did not adequately respond to raltegravir treatment [6] . To meet the evolving needs of people with HIV, the next generation of INIs should have the following characteristics: improved convenience (once-daily dosing), enhanced potency with a higher genetic barrier to resistance, and a low risk of crossresistance [1] . Dolutegravir (DTG), discovered by a Shionogi and GlaxoSmithKline research collaboration, is a novel HIV-1 integrase strand transfer inhibitor selected for its activity against INI resistance and its potential for higher genetic barrier to resistance in vitro, in addition to its favorable pharmacokinetic properties [7, 8] . Early clinical data in healthy individuals demonstrated low pharmacokinetic variability and concentration-time profiles, supporting a once-daily, low-dose regimen without a pharmacokinetic booster [9] . The half-life of DTG was approximately 15 h and the trough concentration for the 50-mg suspension dose was approximately 25-fold above the protein-adjusted 90% inhibitory concentration (IC90) for HIV-1. The objective of this study was to evaluate the antiretroviral activity, safety, pharmacokinetic, and pharmacokinetic/ pharmacodynamics of a range of DTG doses (2-50 mg) in short-term monotherapy with DTG in approximately 30 HIV-1-infected patients.
Methods

Patients
ART-naive and ART-experienced (INI-naive) HIV-1infected adults (including nonpregnant women of nonchildbearing potential), at least 18 and less than or equal to 65 years of age, with a CD4 þ cell count of 100 cells/ml or more, and plasma HIV-1 RNA 5000 copies/ml or more were eligible for enrollment. Patients were excluded if they had received any ART within the 12 weeks before the first study dose, had previously received an INI, or had recently received another investigational product. Patients were not enrolled if they had an active Centers for Disease Control and Prevention Category C disease (except cutaneous Kaposi's sarcoma), a preexisting condition potentially interfering with the absorption, metabolism, or excretion of the study drug, or were anticipated to require a concomitant medication that could potentially interfere with the absorption or metabolism of DTG. Due to the early nature of this study, to better ensure safety, patients with inadequate renal function at screening (serum creatinine >1.5 mg/dl or creatinine clearance 50 ml/min) or with evidence of hepatitis (liver transaminases at least three times the upper limit of normal) were also excluded.
This study was conducted in accordance with good clinical practice procedures, all applicable regulatory requirements, and the guiding principles of the Declaration of Helsinki. The study protocol was reviewed and approved by the Copernicus Group Institutional Review Board. All patients provided written informed consent before the entry in the study.
Study design
This was a phase IIa, multicenter, randomized, parallel, double-blind, placebo-controlled, dose-ranging study of DTG monotherapy. Patients were randomized to receive one of three doses of DTG (2, 10, or 50 mg) or placebo every 24 h for 10 days in an eight active and two placebo randomization scheme per dose. Patients were followed for 11 days (to day 21) after the end of treatment. Three cohorts of approximately 10 patients (planned N $ 30) each were planned: eight to receive DTG and two to receive placebo. DTG or placebo was administered in tablet form after a 10-h fast.
Efficacy assessments
The primary efficacy endpoint was the change from baseline in plasma HIV-1 RNA on day 11 based on an analysis of the intent-to-treat-exposed population (patients receiving at least one dose of study medication and with at least one postbaseline HIV-1 RNA measurement). Two HIV-1 RNA samples were collected on days 1, 10, and 11 and one HIV-1 RNA sample was collected on days 2 through 4, 7 through 9, 14, and 21. Plasma HIV-1 RNA was determined with the COBAS Amplicor HIV-1 Monitor Test version 1.5, ultrasensitive preparation (Roche Diagnostics, Branchburg, New Jersey, USA) on days 7 through 11 and on day 14 [lower limit of detection (LLOD) of 50 copies/ ml); retesting with the COBAS Test, standard preparation was conducted if values were above the upper limit of detection. On days 1 through 4 and at follow-up, plasma HIV-1 RNA loads were measured with the COBAS Test, standard preparation (LLOD of 400 copies/ml); retesting with the ultrasensitive preparation was performed if values fell below the LLOD. Whole venous blood samples were obtained on days 1 and 11 to assess CD4 þ cell counts and to analyze viral genotype and phenotype.
Whole venous blood samples were obtained from each patient to provide plasma for resistance analyses carried out by Monogram Biosciences using their GeneSeq and PhenoSense assays for INIs (Monogram Biosciences Inc, South San Francisco, California, USA) [10] .
Safety assessments
Safety parameters, including adverse events, concomitant medications, laboratory parameters (chemistry, hematology, and urinalysis), electrocardiograms (ECGs), and vital signs, were evaluated intermittently throughout the study. Specifically, safety evaluations were completed as follows: adverse events and concomitant medications on days 1-4, 7-11, 14, and 21; laboratory parameters on days 1, 3, 7, 11, and 21; and ECGs and vital on days 1, 4, 7, 10, and 21. The severity of adverse events and laboratory abnormalities was assessed using grading table from the Division of Acquired Immunodeficiency Syndrome, National Institute of Allergy and Infectious Diseases [11] .
Pharmacokinetic assessments
Serial blood pharmacokinetic samples were collected on days 1 and 10; one predose blood pharmacokinetic sample was obtained on days 3, 4, and 7 through 9. Plasma extracts were analyzed using a validated, liquid chromatography-mass spectrometry method (LC-MS) method to determine plasma concentrations of DTG (LLQ 5 ng/ ml), as previously described [6] . Pharmacokinetic parameters [including maximum observed plasma concentration (C max ), time of occurrence of C max (t max ), area under the plasma concentration-time curve during one dosing interval (AUC 0-t ), terminal elimination phase half-life (t 1/2 ), and concentration at the end of the dosing interval (C t )] were estimated based on the observed concentration-time data by the noncompartmental pharmacokinetic approach using WinNonlin version 5.2 (Pharsight Corporation, Mountain View, California, USA).
Statistical analyses
The sample size for this study was based primarily on feasibility and prior similar trial experience to provide adequate precision for the estimations. Placebo patients were pooled across doses for final analyses. Baseline characteristics (HIV-1 RNA and CD4 þ cell count) and antiviral activity by treatment were summarized using descriptive statistics. The mean value of two samples of plasma HIV-1 RNA obtained on days 1, 10, and 11 were calculated and used as the value for each day to determine the change from baseline (day 1). Plasma HIV-1 RNA change from day 1 to 11 or maximum change (nadir) was summarized by treatment and compared between each active treatment and placebo group using analysis of covariance. For computations, HIV-1 RNA values of less than 50 copies/ml were assigned values of 49 copies. No adjustments for multiple comparisons were made. The proportion of patients achieving HIV-1 RNA levels less than 400 and less than 50 copies/ml was also summarized. Descriptive statistics, including geometric mean and 95% confidence intervals, were calculated for all pharmacokinetic parameters and summarized by treatment. Dose proportionality of DTG pharmacokinetic parameters was assessed using the power model: y ¼ a dose b . The relationships between various pharmacokinetic parameters (AUC 0-t , C max , and C t ) and reduction in viral load were explored using linear and E max models with SAS PROC NLMIXED (SAS version 9.1; SAS Institute Inc., Cary, North Carolina, USA). Model selection was based on Akaike Information Criterion [12] .
Results
Patients
The planned sample size was 30 patients. Due to rapid screening and enrollment, a total of 35 patients (28 in the DTG treatment arms and seven in the placebo group) were randomized to dose groups and completed all study visits between 25 June 2008 and 26 August 2008. Demographics and baseline characteristics were similar among the four dose groups (Table 1) . Approximately one-third (10/35, 29%) of all patients had received ART before study entry: a nucleoside or nucleotide reverse transcriptase inhibitor for 10 of 1740 AIDS 2011, Vol 25 No 14 35 (29%) and a nonnucleoside reverse transcriptase or protease inhibitor for five (14%). For patients who had received antiretroviral treatment in the past, adequate treatment options to construct HIV therapy with at least three active antiretrovirals for future treatment were verified prior to enrollment, based on review and agreement by the investigator and the GlaxoSmithKline medical monitor.
Efficacy
Patients in all DTG dose groups demonstrated a statistically significant reduction in plasma HIV-1 RNA from baseline to day 11 compared with placebo (P < 0.001; Table 2 ). In addition, a well characterized dose-response relationship was observed (Fig. 1) . In patients receiving DTG 50 mg once daily, antiviral response was sustained between day 11 and 14 despite dosing discontinuation on day 10 ( Fig. 1 ). Furthermore, a higher proportion of patients who received DTG 50 mg had less than 400 or less than 50 copies/ml of plasma HIV-1 RNA at nadir compared with those who received DTG 2 or 10 mg ( Table 2 ). Patients receiving DTG 50 mg had the most rapid HIV-1 RNA decline ( Fig. 1 ). Numeric increases in CD4 þ cell counts were observed for patients in all DTG dose groups on day 11 (median change, þ15 to þ106 cells/ml), but CD4 þ cell counts tended to decrease in patients receiving placebo (median change À28.5). No patients experienced a new or recurrent HIV-associated condition or disease progression during the study.
Pharmacokinetics
Although all 28 patients in the DTG dose groups provided blood samples for pharmacokinetic analysis, two patients in the 10-mg dose group were not included in the pharmacokinetic summary population because of protocol deviations in dosing (one patient received 20 mg of DTG on day 1 and one patient missed a 10-mg dose on day 7). All patients receiving DTG had detectable concentrations on day 1 (after dosing commenced) and day 10. DTG was readily absorbed, with the maximum concentration achieved at a median of approximately 1.5-2.5 h after dosing and a mean t 1/2 of 11.1-12.0 h ( Table 3 ). Plasma concentrations of DTG reached steady state by day 7 of dosing. After 10 days of dosing, the accumulation ratios for AUC 0-t , C max , and C t were estimated to be 1.25-1.43, 1.23-1.40, and 1.27-1.42, respectively, across all dose levels. In addition, the increase in DTG exposure (AUC 0-t and C max ) with increasing dose was slightly less than dose proportional after both singledose (day 1) and repeat-dose administration (day 10). On average, plasma steady-state C t was three and 13 times higher than the in-vitro protein-adjusted IC90 of viral suppression (0.064 mg/ml) at doses of 10 and 50 mg, respectively.
Significant negative correlations between DTG exposure and change in plasma HIV-1 RNA from baseline to day 11 (i.e., greater antiviral activity with higher DTG plasma exposure) were observed. When relationships between various pharmacokinetic parameters and pharmacodynamic measure (HIV-1 RNA) were explored using linear and E max models, the exposure-response relationship was best described by an E max model with E max fixed to 2.6, Hill factor fixed to 1, and pharmacokinetic parameter on the linear scale. Using this model, C t was the pharmacokinetic parameter that best predicted day 11 plasma viral load reduction from baseline or maximum plasma viral load reduction from baseline (Fig. 2) .
Viral genotyping and phenotyping
Genotypic and phenotypic data were available at baseline and day 11 for six of seven patient viruses within the placebo group. Of the patients receiving DTG, genotypic and phenotypic data were available at baseline and on day 11 for 19 and 18 patient viruses, respectively. No raltegravir-associated or elvitegravir-associated resistance mutations at codons 92, 138, 140, 143, 148, or 155 [13, 14] , or other resistance-associated substitutions as listed in the Stanford HIV Drug Resistance Database [15, 16] , were observed during therapy, with the exception of one patient. In this patient receiving DTG 2 mg, a change at the nonsignature position 74 of L to mixture I/L/M was observed without a corresponding phenotypic change. This patient had a day 11 HIV-1 RNA less than 50 copies/ml. None of the currently identified mutations selected by DTG during in-vitro passage with wild-type HIV-1 (at codons 92, 153, and 193) [7, 17] were observed.
The number and position of amino acid changes from day 1 to 11 were evaluated in placebo and DTG patients. Genotypic changes were common in evaluable patient viruses from the placebo (83%, five of six) and the DTG (85%, 17 of 20) groups between day 1 and 11. In placebo patients, the greatest number of genotypic changes was observed at position 196 (n ¼ 2). For patients receiving DTG, genotypic changes for more than two patient viruses from day 1 to 11 were observed only at position 112 (n ¼ 4), three in the 2-mg and one in the 50-mg dose groups.
Finally, there was no significant decrease in DTG susceptibility from day 1 to 11 for any patient. The largest decrease in susceptibility from day 1 to 11 was a 1.36-fold change in one patient in the placebo group.
Safety DTG was generally well tolerated. There were no deaths, serious adverse events, or withdrawals during the study. Drug-related adverse events were reported by 16 of 35 patients (46%), and the proportion of patients who reported drug-related adverse events was similar across DTG dose groups (2 and 10 mg: three of nine, 33%; 50 mg: five of 10, 50%), although there was a higher percentage in the placebo group (five of seven, 71%). The most frequent drug-related adverse event was diarrhea (2 and 10 mg: one of nine, 11%; 50 mg: two of 10, 20%; placebo: three of seven, 43%). No drug-related adverse events occurred with greater frequency in a DTG dose group than in the placebo group, and no doserelated trends were observed for adverse events. Most adverse events were mild to moderate in severity, with the exception of four severe adverse events reported by one patient each: hypertriglyceridemia (10 mg), lipase increase (10 mg), migraine (50 mg), and night sweats (placebo).
There were no consistent or clinically significant changes in hematology, clinical chemistry, vital signs, or urinalysis values. Two patients had treatmentemergent, grade 3 laboratory abnormalities after receiving 10 mg of DTG. On the last day of dosing, one patient had an asymptomatic grade 3 lipase increase, which resolved by the end of follow-up (day 21). Another patient had an asymptomatic grade 3 triglyceride elevation, which resolved with continued dosing and was not considered drug related. No clinically significant electrocardiogram abnormalities or trends (i.e., no QTc >480 ms or QTc change >60 ms) were observed.
Discussion
Monotherapy with DTG once daily was associated with potent antiretroviral activity in a phase IIa trial, with a 2.5 log 10 mean decline in HIV-1 RNA after 10 days of treatment with a 50-mg dose [18] [19] [20] [21] [22] [23] [24] [25] [26] . At the 10-mg dose, observed antiviral responses (2.0 log 10 mean decline in HIV-1 RNA) were similar to or higher than those seen in short-term studies of other antiretrovirals, including INIs [8, 9] . The majority of patients who received the two highest doses (10 or 50 mg) achieved plasma HIV-1 RNA levels less than 400 copies/ ml on day 11 (10 mg, five of nine or 56%; 50 mg, nine of 10 or 90%) despite not receiving any other antiretroviral. In addition, seven of 10 patients (70%) in the 50-mg dose group achieved an HIV-1 RNA level less than 50 copies/ml during the study. Importantly, a sustained virologic response was also observed from day 11 DTG tablets are dosed once daily without the need for a pharmacokinetic booster, supported by a half-life of approximately 12 h and exposures with the 10 and 50 mg doses that remain well above the protein-adjusted IC90 (0.064 mg/ml) throughout the dosing interval. The inhibitory quotient (C t divided by protein-adjusted IC90) for the 10 and 50 mg doses was 3 and 13, respectively, which suggests that DTG will have good activity in longer term combination treatment studies. A well characterized exposure-response relationship was demonstrated; levels of antiviral activity increased with increasing doses of DTG. The finding that C t was the pharmacokinetic parameter that best predicted a reduction in plasma viral load from baseline to day 11 is consistent with the observation that antiviral activity is associated with the maintenance of therapeutic plasma concentrations throughout the dosing interval, as was also observed in a trial with the boosted INI elvitegravir [19] . However, the current study with DTG did not differentiate among pharmacokinetic parameters (AUC 0-t , C max , and C t ), given that all treatments were administered once daily. This well described exposureresponse relationship distinguishes DTG from raltegravir in which plasma exposure has not been shown to correlate with clinical outcome [14] . The low interpatient pharmacokinetic variability and predictable pharmacokinetic/pharmacodynamic relationship of DTG provide greater confidence that the doses selected for doseranging phase IIb trials will demonstrate potent antiviral activity.
In this short-term monotherapy study, DTG was generally well tolerated in HIV-infected adult patients and no major safety issues or dose-related trends were identified. Overall, the safety profile observed in HIV-1-infected patients was similar to that previously observed in both single-dose and short-term repeat-dose studies of DTG suspension in healthy adult individuals [9] .
These results support expanded evaluation of DTG in larger and longer term phase IIb dose-ranging studies of HIV-1-infected patients; these ongoing clinical studies will assess the long-term efficacy of DTG in combination with other antiretroviral agents. Given its potent antiviral activity, distinct resistance profile, predictable exposureresponse relationship, and unboosted, low-dose, oncedaily dosing profile, DTG has considerable promise as a next-generation INI, with the potential to deliver benefits for HIV-infected patients across the treatment spectrum.
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